Abstract The cellular and molecular basis of vertebrate touch reception remains least understood among the traditional five senses. Somatosensory afferents that innervate the skin encode distinct tactile qualities, such as flutter, slip, and pressure. Gentle touch is thought to be transduced by somatosensory afferents whose tactile end organs selectively filter mechanical stimuli. These tactile end organs comprise afferent terminals in association with non-neuronal cell types such as Merkel cells, keratinocytes, and Schwann cells. An open question is whether these non-neuronal cells serve primarily as passive mechanical filters or whether they actively participate in mechanosensory transduction. This question has been most extensively studied in Merkel cells, which are epidermal cells that complex with sensory afferents in regions of high tactile acuity such as fingertips, whisker follicles, and touch domes. Merkel cell-neurite complexes mediate slowly adapting type I (SAI) responses, which encode sustained pressure and represent object features with high fidelity. How Merkel cells contribute to unique SAI firing patterns has been debated for decades; however, three recent studies in rodent models provide some direct answers. First, whole-cell recordings demonstrate that Merkel cells are touch-sensitive cells with fast, mechanically activated currents that require Piezo2. Second, optogenetics and intact recordings show that Merkel cells mediate sustained SAI firing. Finally, loss-of-function studies in transgenic mouse models reveal that SAI afferents are also touch sensitive. Together, these studies identify molecular mechanisms of mechanotransduction in Merkel cells, reveal unexpected functions for these cells in touch, and support a revised, two-receptor site model of mechanosensory transduction.
cells have been viewed typically as indirect elements in transduction, providing mechanical filtering and/or trophic support to tactile afferents [27] . Recently, this view has been challenged by evidence that non-neuronal cells express sensory ion channels, presynaptic components, and neurotransmitters, which might render them capable of exciting sensory afferents [16, 30, 42, 46] .
Much of this evidence has derived from studies of epidermal Merkel cells, which are conserved vertebrate cells described in 1875 by Friedrich Sigmund Merkel [39] . In mammals, Merkel cells localize to areas of high tactile acuity, such as fingerpads, whisker follicles, and touch domes. Most Merkel cells contact sensory afferents to form Merkel cellneurite complexes in the basal epidermal layer. These complexes act as gentle-touch receptors that mediate slowly adapting type I (SAI) responses [24] , which encode static pressure as well as object features such as edges, shapes, or textures [28, 47, 37] . SAI responses are biphasic, with a highfrequency volley of action potentials during the dynamic (or moving) phase of stimulation and a sustained but irregular discharge during prolonged stimulation. Though it is well established that Merkel cell-neurite complexes are touch receptors [24, 62, 60] , whether Merkel cells contribute to SAI responses through active or passive mechanisms has puzzled scientists for more than four decades.
Merkel, who called his eponymous cells tastzellen (touch cells), was the first to posit that they function in touch sensation. This model is supported by ultrastructural studies. Like sensory receptor cells of the inner ear and olfactory epithelium, Merkel cells bear microvilli, which are potential sites of sensory transduction [23] . Merkel cells also form synapse-like structures, marked by dense core vesicles, with sensory afferents [24] . Histochemical and molecular studies confirmed the presence of presynaptic markers and putative neurotransmitters in Merkel cells [16, 21, 43] ; however, functional studies that tested the requirement for Merkel cells in touch reception have led to contradictory conclusions [12, 25, 29, 38, 40, 53] .
Three models of sensory transduction in the Merkel cellneurite complex, summarized below and in Fig. 1 , have gained considerable attention (reviewed in [17, 18] ). This review discusses recent studies that directly test the predictions of these models. Model III Both Merkel cells and sensory afferents could transduce touch stimuli to synergistically produce the SAI response. This two-receptor-site model postulates that afferents function as rapidly adapting (RA) fibers to transduce dynamic stimuli and Merkel cells transduce static phase responses [13, 64] . This model predicts that Merkel cells will display fast, mechanosensitive currents and that functionally silencing them should produce RA responses in SAI afferents. Conversely, depolarizing Merkel cells should produce sustained discharges in SAI afferents.
Are Merkel cells intrinsically touch sensitive?
Previous studies have shown that Merkel cells can be activated by a variety of mechanical stimuli. Calcium imaging studies demonstrated that Merkel cells respond to hypotonicevoked cell swelling [15, 54, 57] and fluid flow [6] . Similarly, membrane stretch activates sustained inward currents in dissociated Merkel cells [3] . Chan et al. [8] reported that displacement excited slow calcium elevations in Merkel cells; however, efforts by other groups to record displacementevoked currents were unsuccessful [44, 63] . Thus, the relevance of Merkel-cell mechanosensitivity to touch reception has been unclear.
Recent studies by the Gu, Lumpkin, and Patapoutian groups have reexamined this question by performing wholecell recordings from Merkel cells in vitro and in situ [26, 36, 61] . The population of Merkel cells in the epidermis is sparse, representing only~0.1 % of the epidermal cells in mouse skin. Nonetheless, Merkel cells can be easily identified in Atoh1/ nGFP transgenic mice, which express green fluorescent protein (GFP) driven by enhancer elements of the Atoh1 gene [32] . Atoh1 is a proneural transcription factor that is expressed in Merkel cells but not other skin cells [2] . Using Atoh1/nGFP transgenic mice, Merkel cells can be purified by fluorescenceactivated cell sorting and then cultured for electrophysiological recordings [48] . Under whole-cell voltage-clamp, dissociated mouse Merkel cells exhibited touch-activated inward currents in a stimulus-dependent manner [36, 61] . These mechanosensitive currents displayed sigmoidal stimulus-response curves and sub-millisecond activation, suggesting that they are mediated by fast, mechanically gated ion channels [36] . Recordings from Merkel cells in a semi-intact rat whisker follicle preparation revealed remarkably similar touchactivated currents with sub-millisecond latencies [26] . In all three studies, Merkel cell currents were similar to touchevoked, RA currents observed in cultured mechanosensory neurons [11, 20, 22, 52] . Together, these data demonstrate that Merkel cells are (1) intrinsically mechanosensitive cells capable of transducing touch stimuli in the absence of surrounding keratinocytes or sensory neurons, and (2) mechanosensitive in situ, confirming that touch-activated responses are not an epiphenomenon of cell isolation.
At first glance, it seems counterintuitive that the Merkel cell's rapidly inactivating mechanotransduction currents can stimulate slowly adapting responses in sensory afferents; however, several lines of evidence suggest that downstream mechanisms can prolong signaling. First, current-clamp recordings showed that Merkel-cell displacement produced sustained depolarization, despite RA mechanosensitive currents [61] . Second, computational modeling predicts that a rapidly adapting transduction current with a small steady-state component can account for SAI responses [31] and, in one study, Merkel-cell mechanotransduction channels displayed steady-state currents of~20 pA [36] . Depolarizing current injections of this amplitude produced slow, calcium action potentials [26, 61] resembling those previously reported in Merkel cells [44, 63] . Thus, the Merkel cell's voltage-activated calcium channels likely open downstream of mechanotransduction [16, 48, 63] . Consistent with this model, focal displacements excite prolonged calcium signaling throughout the Merkel cell's soma, which probably reflect calcium entry and calcium-induced calcium release [15, 36] . In situ, whisker follicle Merkel cells fired calcium action potentials in response to whisker movement or indirect stimulation [26] . Finally, we propose that inputs are summed across Merkel cells to produce robust SAI firing because each SAI afferent typically innervates a cluster of Merkel cells (mean ± SD; adult mouse, 16±6 Merkel cells per touch-dome afferent, N=15 [31] ; human, 127±103 Merkel cells per touch dome [51] ). How the responses from multiple Merkel cells are integrated into SAI firing patterns is an important question for future studies.
The current-clamp experiments described above confirm that Merkel cells are excitable, a feature that separates mechanosensory cells from non-sensory cells. These results are consistent with both model I (that Merkel cells are mechanosensory) and model III (two-receptor sites; Fig. 1 ).
Which mechanosensitive channels underlie touch-evoked responses in Merkel cells?
The biophysical properties of touch-activated currents in Merkel cells [26, 36] match those of mechanosensitive ion [36] channels encoded by Piezo genes [9] . Mechanosensitive currents reversed at 1-8 mV in rat and mouse Merkel cells, suggesting that they are mediated by non-selective cation channels [26, 36] . Ionic permeability analysis confirmed that calcium-permeable cation channels carry Merkel-cell mechanotransduction currents [26] . Touch-activated currents were attenuated by Ruthenium Red and Gadolinium ions, which are commonly used blockers of mechanosensitive channels [9, 26, 36] . Finally, inactivation time constants were estimated at 6-8 ms [26, 36] , matching those of Piezo2-dependent currents in heterologous cell types [9] .
Piezos are widely found throughout phylogeny, from protists to mammals, which have two Piezo genes [9, 10] . Piezo2 is expressed in somatosensory neurons and, in culture, siRNA-mediated Piezo2 silencing attenuates their touchevoked RA currents [9] . Using a transgenic Piezo2-GFP reporter mouse, Woo et al. demonstrated that Piezo2 is expressed in Merkel cells but not other skin cells [61] . Quantitative real-time PCR analysis confirmed that Piezo2 transcripts are enriched in Merkel cells compared with Piezo1 [36] . Rat Merkel cells also express Piezo2 [26] , and Merkel-cell mechanotransduction currents in rat whisker follicles were reduced by shRNAs and an antibody raised against Piezo2 [26] .
To test the effects of complete loss of Piezo2 function in Merkel cells, Woo et al. generated epidermals p e c i f i c P i e z o 2 k n o c k o u t m i c e ( P i e z o 2 C K O , K14
Cre ;Piezo2
Flox/Flox ) [61] . In these mice, mechanically activated currents and membrane potential changes were completely abolished in cultured Merkel cells [61] . These results demonstrate that Piezo2 is required for Merkel-cell mechanosensitivity to touch stimuli.
Are SAI afferents touch sensitive in the absence of functionally intact Merkel cells?
To test whether Merkel cells are necessary for touch-evoked responses in SAI afferents in the intact skin, Maksimovic et al. [36] analyzed epidermal-specific Atoh1 knockout mice (Atoh1 ), which completely lack Merkel cells in developing and adult skin [41, 59] . Though Merkel cells are absent in these mice, touch domes are innervated by myelinated Aβ afferents [36] . To directly assess whether these afferents are mechanically sensitive in the absence of Merkel cells, single-unit recordings were made in a semi-intact preparation from touch-dome afferents, which were identified based on fluorescent FM1-43 uptake. In control genotypes, 5-s displacements of touch domes in intact skin produced prototypical SAI responses containing a highfrequency dynamic phase and an SA static phase. By contrast, touch-dome afferents in Atoh1 CKO mice showed reduced dynamic firing and intermediately adapting (IA) responses that ceased to fire during sustained touch. Thus, touch-dome afferents are capable of transducing touch stimuli without Merkel cells, which rules out model I (Fig. 1) . Notably, touch dome afferents lacking Merkel cells responded with markedly altered firing properties and were not capable of encoding sustained pressure. These findings are consistent with either model II (that Merkel cells modulate mechanosensory responses) or model III (two-receptor sites; Fig. 1 ).
Does Piezo2 in Merkel cells contribute to SAI responses? In a rat whisker preparation, shRNA-mediated Piezo2 silencing reduced, but did not abolish, compound action potentials recorded with suction electrodes [26] . Dynamic and static discharges were attenuated, suggesting that Piezo2 contributes to both phases of SA responses; however, interpretation of these results is complicated by the complex innervation of whisker follicles and the multi-unit nature of the recordings. It is unclear to which extent mechanically evoked discharges reflect the contributions of Merkel cell-associated afferents versus other fiber types that are also activated by whisker deflections.
In epidermal-specific Piezo2 CKO mice, targeted single-unit recordings from touch-dome afferents showed IA responses with normal dynamic responses but static phases similar to those of Atoh1 CKO touch-dome afferents [36, 61] . In strong support of two-receptor sites (model III), these data demonstrate that mechanosensitive channels in sensory neurons can account for dynamic responses and that Merkel-cell mechanotransduction is essential for sustained responses to prolonged displacement (Fig. 1) .
How do Merkel cells contribute to SAI responses?
The intimate contact between Merkel cells and sensory terminals in the skin limits the ability to selectively displace Merkel cells without disturbing underlying afferents, which has complicated efforts to identify specific roles of Merkel cells in touch reception. The use of optogenetics overcomes this obstacle: selective optical control of genetically modified, light-sensitive Merkel cells allows for identification of activity patterns in sensory neurons that are triggered by Merkel-cell activation. Maksimovic et al. [36] used the CreLoxP system in mice to drive expression of the light-gated cation channel channelrhodopsin-2 (ChR2) [5] ). Light-and touch-evoked responses were measured from Aβ afferents using ex vivo skin-nerve recordings (Fig. 2a, b) . Whole-cell recordings from ChR2-expressing Merkel cells in vitro confirmed that illumination elicited long-lasting inward currents (Fig. 2c) . Light stimulation of ChR2-expressing Merkel cells activated sustained discharges in touch-dome afferents that mimicked staticphase firing of SAI responses. Conversely, optogenetic silencing of Merkel cells with archaerhodopsin-3 (ArchT), a light-sensitive, hyperpolarizing proton pump [19] , reversibly inhibited SAI firing during the static phase of displacement. Together, these optogenetic experiments demonstrate that Merkel-cell depolarization is both necessary and sufficient to excite sustained discharges from SAI afferents in intact skin. Moreover, they provide the first direct demonstration that epidermal cells make functional, excitatory connections with sensory afferents. These findings are inconsistent with model II and provide direct evidence to support model III.
Two groups have attempted to interrogate the requirement for synaptic transmission between Merkel cells and sensory afferents by blocking voltage-activated calcium channels in intact recordings [26, 45] . This treatment suppresses touchevoked responses; however, these intact recordings cannot rule out direct effects on calcium channels that might be located on sensory terminals.
Perspectives and open questions
The data discussed here indicate that Merkel cells are mechanosensory receptor cells that transduce mechanical stimuli and excite sensory afferents. Studies of mouse Merkel cells and touch-dome afferents demonstrate that both Merkel cells and sensory neurons act as mechanoreceptors, with Merkel cells mediating sustained firing to static touch. In the absence of Merkel cells or Piezo2-dependent mechanosensitivity of Merkel cells, sensory afferents exhibit reduced firing rates and IA properties. Piezo2, which is expressed in touch-dome afferents, is a leading candidate to initiate these responses in SAI afferents [34, 61] . Together, these findings lead to an updated version of the two-receptor site model by demonstrating that sensory afferents mediate IA rather than RA responses [36, 61] .
This two-site model is consistent with observations in rat whisker Merkel cells [26, 34] . Blocking voltage-activated calcium channels attenuated, but did not abolish, compound action potentials in intact whisker recordings. Thus, additional studies are needed to determine whether whisker SAI afferents completely lack mechanosensitivity or exhibit transient response in the absence of Merkel-cell signaling.
Key questions are yet unanswered. Do Piezo2-dependent channels in Merkel cells require specialized subcellular machinery for efficient mechanical activation? Mechanosensitive channels may be distributed uniformly in the plasma membrane, or they might localize to microvilli, as they do in mechanosensory hair cells [33] . Do Merkel-cell mechanotransduction channels ChR2-eYFP/+ ), blue light stimulation drives fast responses in touch-dome afferents. Horizontal bars indicate blue light illumination. Illumination frequencies of 2 Hz (a 250 ms light-on followed by 250 ms light-off) and 10 Hz (b 50 ms light-on followed by 50 ms light-off) produce spike discharges in phase with light stimuli. Note that several touch domes were simultaneously illuminated during this multiunit recording. c A whole-cell voltage-clamp recording from a ChR2-expressing Merkel cell shows inward currents induced by light stimulation require accessory molecules, such as STOML3, for efficient gating [49] ?
The nature of excitatory mechanisms that convey signals between Merkel cells and touch-dome afferents also remain to be identified. A plethora of potential neurotransmitters, including neuropeptides and classical, small-molecule neurotransmitters along with their molecular transporters, have been detected in Merkel cells of various species [35] . Release of the neuropeptide vasoactive intestinal peptide (VIP) has been reported from rat Merkel cells in vitro [4] . In general, neuropeptides produce slow, long-lasting responses of receptive cells, on the order of seconds to minutes [58] . Light-induced SAI firing driven by ChR2-expressing Merkel cells can follow phasic optical stimulation on a timescale of tens to hundreds of milliseconds (Fig. 2) ; therefore, it seems unlikely that neuropeptides solely mediate these responses. Fast neurotransmitters such as serotonin or glutamate are likely involved, as proposed by previous studies [13, 16, 21, 43, 50, 55] . ATP is another candidate neurotransmitter; however, it also induces calcium responses in Merkel cells [6, 8] , suggesting that ATP may potentiate Merkel cells to modulate neurotransmitter release [56] . The contributions of fast neurotransmitters, neuropeptides that might be co-released, and the identities of neurotransmitter receptors, are still unresolved (reviewed in [35] ).
How do Merkel cells augment firing during dynamic stimulation? This is particularly important to address in highacuity areas such as glabrous skin, where Merkel cell-neurite complexes are proposed to contribute to shape discrimination. In vertebrate and Drosophila auditory organs, sensory cells amplify mechanical inputs to tune responses for speed and sensitivity (reviewed in [1] ). The observation that Merkel cell knockout mice have reduced dynamic firing suggests that Merkel cells might play an analogous role in signal amplification. Alternatively, Merkel cells could perform non-sensory functions in development or skin mechanics that shape dynamic SAI responses. Further analysis of acute Merkel-cell silencing and biophysical studies in the intact skin are needed to understand the multifaceted roles of these fascinating epidermal cells in touch sensation.
